Most reported examples of change in vertebrate mitochondrial (mt) gene order could be explained by a tandem duplication followed by random loss of redundant genes (tandem duplication-random loss [TDRL] model). Under this model of evolution, independent loss of genes arising from a single duplication in an ancestral species are predicted, and remnant pseudogenes expected, intermediate states that may remain in rearranged genomes. However, evidence for this is rare and largely scattered across vertebrate lineages. Here, we report new derived mt gene orders in the vertebrate ''WANCY'' region of four closely related caecilian amphibians. The novel arrangements found in this genomic region (one of them is convergent with the derived arrangement of marsupials), presence of pseudogenes, and positions of intergenic spacers fully satisfy predictions from the TDRL model. Our results, together with comparative data for the available vertebrate complete mt genomes, provide further evidence that the WANCY genomic region is a hotspot for gene order rearrangements and support the view that TDRL is the dominant mechanism of gene order rearrangement in vertebrate mt genomes. Convergent gene rearrangements are not unlikely in hotspots of gene order rearrangement by TDRL.
Introduction
Most animal mitochondrial (mt) genomes studied contain the same 37 genes (Boore 1999; Jameson et al. 2003) , but their order is variable among and, to a lesser extent, within major groups. Of the several mechanisms proposed to explain gene order rearrangements (e.g., Moritz and Brown 1986; Pääbo et al. 1991; Macey et al. 1997) , tandem duplication followed by random gene loss is generally considered the most important in vertebrates (e.g., Brown 1986, 1987; Moritz, Dowling, and Brown 1987; Pääbo et al. 1991; Arndt and Smith 1998; Boore 2000; Inoue et al. 2003) . However, evidence for this in the form of duplicated genes that either remain functional or have become pseudogenes in the process of being eliminated is rather limited (Arndt and Smith 1998; Kumazawa et al. 1998; Macey et al. 1998; Liu, Wang, and Su 2005; Mueller and Boore 2005; Zhang et al. 2005) , and most quantitative methods for the phylogenetic analysis of gene order data assume other rearrangement mechanisms (e.g., Sankoff et al. 1992; Blanchette, Kunisawa, and Sankoff 1999; Cosner et al. 2000; .
According to the tandem duplication-random loss (TDRL) model, novel gene orders result from random deletion of one of each of the pairs of the redundant paralogs produced by a tandem duplication (Moritz, Dowling, and Brown 1987; Boore 2000) . Which gene is lost is determined by the accumulation of random (but see Lavrov, Boore, and Brown 2002) mutations that disrupt normal function and create a pseudogene that is further selected against and eventually lost from the genome. Alternative mechanisms including inversion (Smith et al. 1989) , transposition (Macey et al. 1997) , and intramolecular recombination (Lunt and Hyman 1997) have been suggested and sometimes invoked to account for mt gene order rearrangements that cannot be explained by TDRL alone (e.g., change in encoding strand requires some inversion), particularly in invertebrates (Dowton, Castro, and Austin 2002) . Importantly, none of these alternative mechanisms explains the existence of pseudogenes, which require at least one duplication and that are expected intermediate steps in changing mt gene orders under TDRL (Macey et al. 1998) .
We here report new data for the ''WANCY'' genomic region (including one new complete mt genome) of four closely related South American caecilian amphibians (Gymnophiona), three of the five nominate species of Siphonops and the closely related (Taylor 1968; Wilkinson and Nussbaum 1992) monotypic Lutkenotyphlus. These caecilians present novel arrangements of this region, presence of pseudogenes, and positions of intergenic spacers that fully satisfy predictions from the TDRL model. Our results and comparisons across the available mt gene order data for 453 vertebrates provide further evidence that the WANCY region is a hotspot for gene order rearrangements by TDRL (Boore and Brown 1998) and suggest that TDRL has been the principal mechanism of gene order rearrangement operating in the history of the vertebrate mt genome.
Materials and Methods

Taxon Sampling and DNA Sequencing
We determined the nucleotide sequence of the complete mt genome of the caecilian amphibian Siphonops annulatus and an mtDNA fragment that covered the WANCY region and part of flanking genes in two other species of Siphonops (Siphonops paulensis and Siphonops hardyi) and in Lutkenotyphlus brasiliensis. The WANCY region is a cluster of five tRNA genes (tRNA Trp , tRNA Ala , tRNA Asn , tRNA Cys , and tRNA Tyr ) surrounding the origin of lightstrand replication (O L ) that is located between the genes for nicotinamide adenine dinucleotide dehydrogenase subunit 2 (ND2) and cytochrome c oxidase subunit 1 (COX1) in almost all vertebrate mt genomes (Seutin et al. 1994; Boore 1999; Jameson et al. 2003) .
Caecilians (order Gymnophiona) are limbless, elongate amphibians distributed throughout mostly tropical habitats in Africa, America, and Asia (Taylor 1968; Duellman and Trueb 1994) . All caecilian species examined in this study belong to the so-called ''higher'' caecilians (Nussbaum 1991) , a well-defined clade that comprises three families (Caeciliidae, Scolecomorphidae, and Typhlonectidae) of still poorly known inter-and intrafamilial phylogenetic relationships (Wilkinson 1997; Wilkinson et al. 2003; San Mauro et al. 2004 .
In all cases, total DNA was purified from ethanolpreserved liver or muscle with standard phenol/chloroform extraction procedures (Sambrook, Fritsch, and Maniatis 1989) , and nucleotide sequences were determined using the primers, conditions, and methods reported by San Mauro et al. (2004) . Details of the employed taxa, region sequenced, voucher specimens, collection localities, and GenBank accession numbers can be found in table 1.
The sequences of other available higher caecilians (Zardoya and Meyer 2000; San Mauro et al. 2004 ) were used as outgroups in phylogenetic analyses (GenBank accession numbers in parentheses): Gegeneophis ramaswamii (AY456250), Scolecomorphus vittatus (AY456253), and Typhlonectes natans (AF154051).
Molecular and Phylogenetic Analyses
Gene boundaries were determined from sequence data by comparison with other available caecilian mt genomes using MacClade version 4.05 (W. P. Maddison and D. R. Maddison 1992) and PAUP* version 4.0b10 (Swofford 1998) .
The phylogenetic relationships of the three Siphonops and Lutkenotyphlus were inferred using a concatenated data set that included all five tRNA genes of the WANCY region and fragments of the two flanking protein-coding genes (3#-end of the ND2 gene and 5#-end of COX1). Sequences were manually aligned against a previous database (San Mauro et al. 2004) , and gaps and ambiguous alignments (42 positions) were excluded from the data using GBLOCKS version 0.91b (Castresana 2000) with default parameters. The final alignment is 572 bp, of which 185 are parsimony informative. The sequences of all other available higher caecilians (Gegeneophis, Scolecomorphus, and Typhlonectes) were used as outgroups. The concatenated alignment was subjected to Bayesian inference (BI; , maximum likelihood (ML ; Felsenstein 1981) , and minimum evolution (ME; Rzhetsky and Nei 1992) . All methods were executed using the General Time Reversible (Rodríguez et al. 1990 ) 1 C model of nucleotide substitution as selected using the Akaike information criterion (Akaike 1973) in Modeltest version 3.6 (Posada and Crandall 1998) . BI analysis was conducted with MrBayes version 3.0b4 simulating four simultaneous chains, for a million generations, sampling every 100 generations, and discarding generations sampled before the chain reached stationarity (100,000) as ''burn-in.'' Statistical support for clades obtained by BI was measured by Bayesian posterior probability. Two independent BI runs were performed to verify congruence of resulting topologies and support. ML and ME analyses were carried out with PAUP*, using heuristic searches with Tree Bisection-Reconnection branch swapping and 10 random stepwise additions of taxa. Support of the resulting ML and ME trees was evaluated by nonparametric bootstrapping with 1,000 pseudoreplicates. The reconstructed phylogeny indicates that Lutkenotyphlus is the sister taxon of a monophyletic Siphonops ( fig. 1 ). Siphonops monophyly is not overwhelmingly robust but receives additional support from the uniquely shared gene order.
To investigate divergence and substitution rates among tRNA
Asn genes and pseudogenes found in the three Siphonops and Lutkenotyphlus, their nucleotide sequences were aligned, together with that of the tRNA Asn gene of Gegeneophis (as outgroup), yielding an alignment of 79 bp. Gapped positions were excluded from the alignment, and the resulting 56 sites (33 parsimony informative) were employed to reconstruct a distance phylogeny by ME using JC (Jukes and Cantor 1969) distances (no parameter-richer model was assumed because of the low number of positions analyzed). Relative-rate tests (Robinson et al. 1998 ) were employed to assess variations in substitution rates using RRTree version 1.1.11 (Robinson-Rechavi and Huchon 2000) assuming JC distances. Base frequencies were compared between tRNA
Asn genes and pseudogenes of the three Siphonops and Lutkenotyphlus using analyses of variance as implemented in STATISTICA version 6.0 (StatSoft Inc. 2001) .
The Department of Energy (DOE) Joint Genome Institute database (http://evogen.jgi.doe.gov/) was used to provide comparative information on the 453 complete vertebrate gene mt gene orders included as of April 2005.
Results and Discussion
Rearrangement of the WANCY Region
Our sequencing revealed two different WANCY region gene orders, both of which depart from the consensus order of vertebrates (Seutin et al. 1994; Boore 1999; Jameson et al. 2003 ) and other analyzed caecilians (Zardoya and Meyer 2000; San Mauro et al. 2004) (fig.  1 ). The WANCY gene orders of Siphonops and Lutkenotyphlus are clearly derived. Given that duplications of genes appear to be infrequent among mt genomes (Boore 2000) , independent duplications of the WANCY region in fig. 1 ). An alternative reconstruction in which all redundant duplicates are independently lost after the first speciation event (the split between Siphonops and Lutkenotyphlus) seems equally plausible (not shown).
All rearranged tRNA genes retain the ancestral strandcoding polarity, providing no evidence for inversion. In all Siphonops and Lutkenotyphlus, there are five intergenic spacers. Most of these range between 4 and 13 nt, and all are in positions expected of pseudogenes under the TDRL model ( fig. 2) tRNA genes are abbreviated by the corresponding one-letter amino acid code, and genes encoded by the light strand are underlined. w indicates the pseudogene. The phylogeny was inferred from a single concatenated data set with all five tRNA genes of the WANCY region and fragments of the two flanking protein-coding genes (ND2 and COX1). Numbers below branches represent support for (from top to bottom) BI, ML, and ME. The derived gene order in Lutkenotyphlus dictates that the entire WANCY region must have been involved in the initial tandem duplication, whereas losses reconstructed parsimoniously as occurring before the divergence of Lutkenotyphlus and Siphonops might plausibly have occurred independently in these lineages. is not as expected because, although their relationships mirror the species phylogeny ( fig. 1 ), duplicates are clustered by functionality instead of homology. Our ''incorrect'' gene tree probably results from the few data, long branches associated with pseudogenes, and marked base composition differences (see below) between functional and nonfunctional paralogs.
Relative-rate tests show that tRNA Asn pseudogenes evolved more than twice as fast as their functional paralogs (table 2). The contrast of all genes versus all pseudogenes is highly significant, and contrasts of each gene versus its pseudogene paralog are significant with the exception of Lutkenotyphlus (table 2) . These results suggest that, following duplication, the redundant tRNA Asn paralogs have experienced more relaxed selective constraints . The tRNA Asn pseudogenes have a lower and higher frequency of C and T, respectively (1.7%-9.5% vs. 11.3%-14.3%, F 1,6 5 12.760, P 5 0.012; 33.3%-38.3% vs. 25.7%-31.5%, F 1,6 5 14.086, P 5 0.010), than their functional paralogs. Assuming relaxed selection, these biases provide further evidence for asymmetric mutation pressures in mt genomes (Jermiin, Graur, and Crozier 1995) .
The pseudogene remnants predicted by TDRL are uncommon in known mt genomes (e.g., Macey et al. 1998; Mueller and Boore 2005; Zhang et al. 2005) , consistent with the idea that they are lost rapidly under strong selective pressure to constrain mt genome size and gene number (Wolstenholme 1992) . Persistence of an ancestral tandem duplication through a speciation event with subsequent independent random loss of paralogs is a predicted rare event under the TDRL model (Boore 2000) for which our caecilian data may provide the first evidence. Similarly, the tRNA Asn pseudogenes of multiple caecilian lineages provide powerful evidence for TDRL while simultaneously prompting questions about their persistence. tRNA Asn is not distinct from the other four tRNAs in its length and usage, and the tRNA Asn gene is no more or less variable than other caecilian tRNA genes. Their adjacency to O L is the only obvious variable that correlates with the persistence of these pseudogenes. It may be possible that they (or part of them) have acquired some type of functional role perhaps related to the O L . Zardoya and Meyer (2000) reported that the O L of another caecilian, T. natans, has the potential to fold into alternative secondary structures with the adjacent tRNA Cys . However, similar alternative stem-loop structures have not been found in the caecilian sequences reported here, and the persistence of the pseudogenes is somewhat enigmatic.
FIG. 3.-Alignment of the tRNA
Asn genes and pseudogenes of the three Siphonops and Lutkenotyphlus (A), and ME phylogram inferred from the alignment (after excluding gapped positions) (B). tRNA secondary structure is designated above the alignment (full bar indicates arm, dashed bar indicates loop), and the position of the anticodon in highlighted. Species and gene codes are as in table 2. Gra, Gegeneophis ramaswamii (used as outgroup). 
Convergence in a Hotspot of Gene Rearrangement
Gene order arrangements may provide exceptionally useful data for phylogenetic inference because of both the relative rarity of rearrangements and the potential complexity of the characters and consequent large character state space (Macey et al. 1997; Boore and Brown 1998; Dowton, Castro, and Austin 2002) . These features reduce the chances of homoplasy, and only four convergent derived gene orders among metazoan mitochondria have been previously reported (Flook, Rowell, and Gellissen 1995; Mindell, Sorenson, and Dimcheff 1998; Dowton and Austin 1999; Macey et al. 2004 ). The derived WANCY region of Siphonops is exceptionally similar to that of marsupials (Pääbo et al. 1991) , and the order of functional tRNA genes is identical, providing a fifth example of such convergence. The three Siphonops differ from marsupials in having a complete O L in the ancestral vertebrate position relative to the WANCY tRNAs ( fig. 1) , with nucleotides and stem-loop structures similar to those of other caecilians (fig. 4) . This suggests that their O L 's are not secondarily derived, ''drifted'' duplicated tRNA genes like that found in the derived WANCY region of marsupials (Pääbo et al. 1991) . Thus, contrary to previous proposals (Macey et al. 1997 (Macey et al. , 1998 , displacement or loss of the O L does not always precede vertebrate mt gene order change by tandem duplication.
Tandem duplication can occur during replication by slipped-strand mispairing (Levinson and Gutman 1987) or by illicit priming of replication by tRNAs (Cantatore et al. 1987) . In mt genomes, these are thought to particularly involve stem-loop structures and thus to most commonly involve regions including tRNA genes and/or near the origins of replication of the light (O L in the vertebrate WANCY region) and heavy (O H in the vertebrate control region) strands (e.g., Pääbo et al. 1991; Stanton et al. 1994; Macey et al. 1997 Macey et al. , 1998 Kumazawa et al. 1998; Mindell, Sorenson, and Dimcheff 1998; Boore 1999) . Previous studies have cautioned that tandem duplications and gene deletions may be subject to mechanistic constraints such that genes flanking the origins of strand replication are more likely to be duplicated, forming ''hotspots'' that make convergent gene order rearrangement more probable (Boore and Brown 1998; Mindell, Sorenson, and Dimcheff 1998; Dowton and Austin 1999; Boore 2000) .
Ignoring deleted genes and random duplicates, the 453 vertebrate mt genomes in the DOE Joint Genome Institute database display 31 distinct gene orders, with most (368) conforming to the vertebrate consensus. Of the 30 derived gene orders, 4 involve the WANCY region and 26 are found elsewhere in the mt genome. For simplicity, we do not consider rearrangements that involve both the WANCY and other adjacent genomic regions, those evidenced by the genomes of the worm snake Leptotyphlops dulcis (Kumazawa and Nishida 1995) and the gluper eels Eurypharynx pelecanoides and Saccopharynx lavenbergi (Inoue et al. 2003) . The four derived gene orders of the WANCY region can be explained by a single TDLR (table 3). Our   FIG. 4. -Alignment of the O L 's of the three Siphonops and Lutkenotyphlus (and other higher caecilians). Consensus stem-loop secondary structure is designated above the alignment. Positions highlighted, although outside the indicated consensus stem region, are also part of the stem in those species having them. Batrachoseps attenuatus (salamander; Mueller et al. 2004) 
Lutkenotyphlus brasiliensis (caecilian, this study)
Siphonops species (caecilian, this study; marsupials, Pääbo et al. 1991 However, for a tandem duplication to produce a gene order rearrangement, the duplicated region must include more than one complete gene, and the chances of rearrangement are increased with the number of duplicated genes. Thus, tandem duplications are more likely to be detectable in regions, such as the WANCY cluster, with relatively many, small genes, making such regions potential epistemic hotspots. With additional data, it may be possible to address whether rearrangements of the WANCY cluster are significantly more common than expected for any cluster of five small genes and thus better test the hypothesis that the region is a mechanistic hotspot of gene order rearrangement.
Likelihood of Gene Order Change Dowton, Castro, and Austin (2002) have discussed the probability of convergence in mt gene orders under a ''cut and paste'' model of gene transposition and inversion. Here, we consider the probability of the observed convergence in the order of tRNAs in the WANCY regions of Siphonops and marsupials under the TDRL model. Although which of each of a pair of paralogs is lost or retained subsequent to a single duplication is in principle random (but see Lavrov, Boore, and Brown 2002) , those retained from the same duplicate must preserve the original relative order. This leads to some differences in expectations for the TDRL and transposition models. In particular, whereas any derived gene order arrangements that can be explained by a single transposition can also be explained by a single TDRL, some TDRLs produce arrangements that cannot be explained by single transpositions (table 3) .
Ignoring changes in the coding strand, there are 120 (5!) possible orders of the five tRNA genes of the WANCY region, suggesting a large character space and low probability of convergence. However, less than a quarter of the arrangements can be produced from the vertebrate consensus by a single TDRL, constraining the character state space and increasing the chance of convergence. There are 32 (2 5 ) possible random selections of one from each pair of paralogs of a tandemly duplicated WANCY region (not including the O L ) that yield 27 distinct gene orders (table 3) . TDRLs of smaller parts of the WANCY region would not add to these 27 different gene orders. Note that six of the 26 derived gene orders cannot be explained by a single transposition (table 3) . Note also that six random selections return the original order, so that approximately one-fifth of all WANCY region TDRLs are expected to be undetectable (table 3) . In general, for n genes, the probability of undetected TDRLs is (n 1 1)/2 n . Thus, with fewer genes, the chances of TDRLs being undetected are higher. For example, only one in four TDRLs of two genes yield rearrangements.
The majority, 93 of 119, possible derived gene orders of the vertebrate WANCY region are prohibited by a single TDRL (i.e., require either multiple TDRLs and/or alternative mechanisms of gene order change), but all six currently documented independently derived gene orders found in the WANCY clusters of vertebrates are ones that are permitted by a single TDRL (table 3) . Of these six, the convergent WANCY gene orders of marsupial and Siphonops cannot be explained by single transpositions, providing further evidence that they have arisen through TDRL. In fact, the conditional probability of at least one convergence given six independent rearrangements produced by single TDRLs of the WANCY region is 0.463 (1 ÿ ((25/26)Á(24/26)Á(23/26)Á(22/26)Á(21/26))), so that the observed convergence is hardly surprising given the probable mode of origin.
The Importance of TDRL in Vertebrate mt Evolution Our data provide compelling evidence, both from the pattern of gene orders and the presence of pseudogenes and intergenic spacers in the positions predicted by the model, that derived caecilian mt gene orders in the WANCY region have evolved through TDRL. Comparing published vertebrate mt gene orders (of 453 complete mt genomes), we find that 24 of the 30 derived arrangements can each be explained by a single TDRL and that the six exceptions can each be explained by two TDRLs. Several of these derived gene orders, like those of Siphonops and marsupials, can be explained by a single TDRL but alternatively require multiple transpositions. For example, the highly divergent mt gene order of the gulper eels E. pelecanoides and S. lavenbergi can be derived from the vertebrate consensus by a single TDRL (Inoue et al. 2003) or by five transpositions. These observations are consistent with the view that TDRL is the dominant mechanism of gene rearrangement in vertebrate mt genomes (e.g., Boore 2000) .
Rare genomic changes have attracted great interest because of their potential to provide homoplasy-free evidence of phylogenetic relationships (e.g., Rokas and Holland 2000) . Of course, the likelihood of convergence depends on just how rare such changes are, and changes in gene order are not so infrequent that homoplasy is nonexistent (Dowton and Austin 1999; Inoue et al. 2003; Mueller and Boore 2005) . The above considerations suggest that convergence in gene order may be more or less common depending also on the mechanism of rearrangement and the mt genomic region considered (Dowton and Austin 1999; Boore 2000; Dowton, Castro, and Austin 2002) and that duplication events may be more or less detectable. In particular, it may be unsurprising if hotspots of tandem duplication coincide with clusters of small genes within which gene order rearrangement is more likely to accompany tandem duplications (Boore 1999) . As Darwin (1859) cautioned in On the Origin of Species, classifications based on single characters have always failed. Empirical evidence on the relative importance of different mechanisms of gene order rearrangement should provide a basis for more realistic models of gene order rearrangements and best use of comparative gene order data for phylogenetic inference.
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